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Photoacoustic imaging (PAI) has been used to characterize the spatial and quantitative features of lipid-rich
atherosclerotic plaques with high sensitivity and specificity. In this Letter, we first validate that the ultra-low
temperature and formaldehyde treatment have no effect on photoacoustic characteristics of the artery samples.
Comparative experiments between the PAI and histological results demonstrate that the ultra-low temperature
or formaldehyde treatment has few effects on the PAI of the lipid-rich atherosclerotic plaques; the lipid relative
concentration and the lipid percentage by PAI hold high correlation with histology.
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Acute cardiovascular events, caused by atherosclerotic
plaque rupture and subsequent thrombosis, are still the
leading cause of mortality and morbidity worldwide.
These rupture-prone plaques are deemed as vulnerable
plaques, characterized by a large lipid core and thin fi-
brous cap[1,2]. Clinically available imaging techniques with
high spatial resolution in vivo include intravascular ultra-
sound (IVUS) and intravascular optical coherence tomog-
raphy (OCT). IVUS provides adequate imaging depth, yet
it lacks the ability of accurate plaque components identi-
fication. OCT possesses the highest spatial resolution, but
the imaging depth is limited due to light absorption of the
blood[3,4]. Moreover, neither technique is precise enough to
characterize the lipid component within the plaques[5–7].
Photoacoustic imaging (PAI) is an emerging technique
capable of providing anatomic, functional, and molecu-
lar information about biological tissue, which can pro-
vide volumetric images with high optical contrast and
high ultrasonic spatial resolution at sufficient imag-
ing depths (up to 1–5 cm). Most important of all,
PAI can characterize the lipid component with high sen-
sitivity and specificity[8,9].
To date, most reports involve samples stored in for-

maldehyde or under ultra-low temperature. As we know,
formaldehyde fixation may lead to lipid loss[10,11], and the
freeze–thaw cycle can degenerate proteins and biological
molecules. These could alter the photoacoustic (PA) char-
acteristics of the tissues, which might, in turn, cause bias
on the results explanation and pre-clinical translational
research on PAI. In this Letter, we aim to compare the
PAI results before and after these two treatments with his-
tology and the golden standard to validate their effects on
artery PA features.

The scheme of the PAI system is shown in Fig. 1. An
optical parametric oscillator (OPO) laser (VIBRANT B
532I, OPOTEK, USA) delivering 10 ns laser pulses with
a repetition rate of 10 Hz is used to excite PA signals. The
laser beam is first filtered by a filter (FEL0650, Thorlabs,
USA), then the laser passes through a 50 μm pinhole
for spatial filtering, a plan objective lens (4X, Olympus,
Japan) is used to focus the laser into a multimode fiber,
and a customized graded-index (GRIN) lens (GrinTech,
Germany) of 0.5 mm in diameter is used to focus the
laser by the end of the multimode fiber; then, the laser
beam is delivered onto the sample by a mirror with an
angle of 45°, which is coated with a silver membrane.
The PA signal, collected by the single transducer
(0.5 mm × 0.6 mm × 0.2 mm dimensions, 45 MHz cen-
tral frequency, 95%, −6 dB bandwidth, single element,
DOPPLER, China), is first amplified by the preamplifier
(5073PR, Olympus, USA), then amplified 20 dB with an
amplifier (ZFL-500, Mini Circuits, USA), digitized and
collected by a high-speed data acquisition card (M-3i.
4110, Spectrum, Germany) at a sampling rate of
100 MHz, and finally stored in the computer. The
acquired PA signals are post-processed for image display.
All the processes mentioned above are controlled by a
LabVIEW program on the computer.

The atherosclerotic rabbit model was established
according to our previous reports[12,13]. Briefly, male
New Zealand white rabbits with 2 kg in weight were
fed with atherogenic diet (1% cholesterol) and underwent
balloon-induced abdomen aorta endothelial denudation
by a 4 Fr balloon catheter through the right femoral ar-
tery. The high cholesterol diet was conducted for 20 weeks
successively. After sacrificed by euthanasia, the abdomen
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aorta was excised and divided into six equal 1-cm-long seg-
ments and numbered from 1–6. All animal care and exper-
imental protocols complied with the Animal Management
Rule of the Ministry of Public Health, People’s Republic of
China and were approved by the Animal Care Committee
of Shandong University.
As is well-known, the blood shows strong optical ab-

sorption in the range 400–600 nm, and water-rich tissue
greatly absorbs the energy of light from 900 nm to
the far-infrared range. Light in a narrow range of 600–
900 nm can effectively avoid the strong absorption, which
is known as an optical window for biomedical imaging. A
pulsed laser at 760 and 780 nm wavelengths was used for
vascular sample imaging[14–21].
The vessel-mimic agar phantom was fixed in an electric

displacement platform for supporting the artery segments
placed within it. The high-frequency ultrasound transducer

was used to collect PA signals. The performance of the
transducer is shown in Fig. 2. 400 A lines were acquired
to reconstruct a cross-sectional dual-wavelength PAI
image. The imaging planes were moved from the top
of the artery to the bottom axially with the spatial dis-
tance of 50 μm by use of an axial motor (C7826-9012 K,
Oriental Motor, Japan). Each artery provided seven im-
aging planes. After marking the bottom of each segment,
numbers 1–3 artery segments were stored in an ultra-low
temperature (−80°C) refrigerator (902-ULTS, Thermo,
USA), and numbers 4–6 artery segments were immersed
in 4% formaldehyde. One week later, the six segments were
retrieved and imaged again according to the protocol men-
tioned above. The top of each artery segment was assured
with the marker on the bottom. Thus, imaging planes were
matched to those before treatment at the same 50 μm
distance from the top. All of the PAI experiments of

Fig. 1. Schematic of the system and photograph of the devices. (a) Schematic of the system: POL, plan objective lens; AMP, amplifier;
DAQ, data acquisition system. (b) Schematic of the laser emission and PA signals reception. (c) Photograph of the integrated
transducer.

Fig. 2. Performance of the transducer and system. (a) The echo signal detected by the transducer. (b) Bandwidth of the transducer
elements with a −6 dB bandwidth of 95%. (c) The axial resolution of the system. (d) The lateral resolution of the system.
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pre/post-ultra-low temperature treatment and pre/post-
formaldehyde treatment were conducted at the same room
temperature (25°C).
To prove the spatial resolution of the system, a 20 μm

diameter carbon fiber was immersed in the inner surface of
a gelatin phantom, the PAI of the carbon fiber has been
done, and, according to the PA image, the experimental
data of the imaged carbon fiber was plotted along its axial
and lateral directions, respectively. The dotted lines were
then fitted with Gaussian functions to estimate the radial
and transverse resolutions of PAI. Based on the full width
at half-maximum (FWHM) of the fitted functions, the ax-
ial resolution is estimated to be 34 μm, while the lateral
resolution is 192 μm, as shown in Figs. 2(c) and 2(d).
Artery segments were frozen and histological slices were

prepared with the thickness of 5 μm for oil-red O staining.
Slides were scanned by microscope (Olympus BX53;
Olympus, Japan). The positive staining areas, which indi-
cate the lipid components, were measured and quantified
by the index lipid ratio (LR), expressed as the percentage
of the stained area divided by the plaque area with the
Image-Pro Plus (IPP) software (Image-Pro Plus 6.0, Me-
dia Cybernetics)[22,23].
PA images were also analyzed by the IPP software to

calculate the LR index. Pixels of the lipid signal (A) in
the PA images and those of the plaque (B) were counted,
respectively. The LR index was calculated by the formula
A∕ðAþ BÞ. Statistical analysis was conducted by SPSS
19.0 (SPSS Inc., Chicago, USA). Quantitative data are
presented as mean� standard deviation (SD). A paired
t test was used to compare the differences of LR before

and after treatment or differences of LR derived from
PAI and histological analysis. The Pearson correlation
was used to test the relationship and agreement of the
PAI and histology. P ≪ 0.05 was considered statistically
significant.

The lipid component can be clearly identified on PA im-
ages, which correlated very well with histology. Numbers
1–3 artery segments were treated by an ultra-low temper-
ature. Although the lipid contents quantified by the PAI
tended to decrease after such treatment, the LR index did
not differ from pre- to post-treatment significantly
(P > 0.05, Table 1). Taking the number 2 artery segment,
for example (Fig. 3), the lipid signals could be detected
from 11 o’clock to 9 o’clock on the PA image, occupying
an almost 270° arch. After the ultra-low temperature
treatment, lipid signals could also be detected in the
same area as illustrated by the yellow dash in Figs. 3(a)
and 3(b). These lipid-containing areas corresponded to
the oil red O staining area on histological images. The
LR index measured by PAI correlated well with that
by histology, as evidenced from the Pearson correlation
(Table 3 and Fig. 5).

Numbers 4–6 artery segments were treated with form-
aldehyde. As illustrated in Fig. 4, the lipid components
could be identified by PAI regardless of the treatment.
The lipid signals correlate well with histological staining.

Although lipid contents quantified by the PAI tended
to decrease after such treatment, the LR index did not
differ from pre- to post-treatment significantly (P>0.05,
Table 1).The correlation of the LR derived by the PAI
and histology pre- and post-treatment were shown in

Table 1. Difference and Correlation of Lipid Ratio Derived by PAI Pre- and Post-Treatments

Difference Correlation

Before Treatment After Treatment P Value Pearson Coefficient P Value

Frozen (N ¼ 13) 0.334� 0.130 0.329� 0.122 0.299 0.990 0

Formaldehyde (N ¼ 19) 0.317� 0.045 0.316� 0.040 0.854 0.863 0

Fig. 3. Comparison of PA images experiencing pre- and post-frozen treatment with histological images. (a) The PA cross-section image
of No. 2 vessel before frozen treatment. (b) The PA cross-section image of No. 2 vessel as shown in (a) after frozen treatment. (c) The
matched histological cross-section image of No. 2 vessel in (a) and (b). LRC, lipid relative concentration.
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Table 2. LR index measured by PAI correlated well with
that by histology, as evidenced from Pearson correlation
(Table 3 and Fig. 5). There is a good correlation between
PAI and histology, demonstrating that PAI is a potentially
ideal tool to evaluate lipid components in atherosclerotic
plaque, which is pivotal to vulnerable plaques responsible
for acute coronary events.

Moreover, differences and correlations of LR derived by
PAI and histology after different treatments were further
explored in Table 3 and Fig. 5. LRs derived by PAI were

Fig. 4. Comparison of PA images experiencing pre- and post-formaldehyde treatment with histological images. (a) The PA cross-section
image of No. 5 vessel before formaldehyde treatment. (b) The PA cross-section image of No. 5 vessel as shown in (a) after formaldehyde
treatment. (c) The matched histological cross-section image of No. 5 vessel in (a) and (b).

Fig. 5. Statistical analysis results. (a) Correlation between LR by histology and PAI post-frozen treatment,R2 ¼ 0.942. (b) Correlation
between LR by histology and PAI post-formaldehyde treatment, R2 ¼ 0.551.

Table 2. Correlation of Lipid Ratio Derived by PAI and
Histology Pre- and Post-Treatments

PA
Percentage

Histological
Percentage Correlation

Before
processing

0.300� 0.097 0.332� 0.086 0.967

After
processing

0.371� 0.105 0.403� 0.097 0.853

Table 3. Difference and Correlation of Lipid Ratio Derived by PAI and Histology Post-Frozen and Formaldehyde
Treatment

PAI Histology P Value Correlation

Frozen (N ¼ 11) 0.312� 0.125 0.370� 0.119 0.001 0.991

Formaldehyde (N ¼ 25) 0.397� 0.085 0.433� 0.071 0.011 0.658
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smaller than by histology; this might be due to limited im-
age depth and is in accordance with a previous study re-
ported by Wang et al.[21].
Although the LR indices from pre- and post-treatment

PAI agreed with each other, the correlation coefficient after
the formaldehyde treatment is reduced to 0.658 (Table 3).
But, good correlation between the PAI and the histology is
observed (Fig. 5).
In this study, we found that ultra-low temperature or

formaldehyde treatment has few effects on lipid charac-
terization by PAI. As we know, formaldehyde fixation
may lead to lipid loss[24]. However, Donato et al. found that
the fixation of cells with formaldehyde was ideal for the
study of lipid droplets because the cells retain their lipid
content, and their lipid droplet structure is unaffected[25,26],
which is in accordance with our conclusion. It is reported
that freezing may destroy the fat globule, leading to a re-
duction on the fat content measurement of donor human
milk[27,28]. In our study, there is only a slight tendency for
the lipid percentage to reduce after ultra-low temperature
freezing. This might be due to the huge histological differ-
ence of rabbit abdominal aorta and human breast milk.
We validate that neither ultra-low temperature nor

formaldehyde treatment has an effect on the PA charac-
teristics of arteries acquired from the atherosclerotic rab-
bit model. PAI holds high accuracy of lipid identification
compared to histology.
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